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The barrier epithelia of amphibians such as frog skin and toad
urinary bladder play an essential role in electrolyte, acid/base and
water balance of the whole animal. These epithelia have tight
junctions of high electrical resistance between the outermost
living cells which render the epithelium "tight" to paracellular
flow of Na or K, thus allowing vectorial transepithelial trans-
port of these ions. The Na absorption function is carried out by
granular or "principal" cells via Na channels in the apical
membranes and an Na,K-ATPase pump in the basolateral mem-
branes; K is recyled across this barrier via K-selective channels.
The multilayered epithelium of frog skin functions as a syncytial
Na transport compartment [1, 21. The granular cells, along with
the deeper spinosum and germinativum cells, form the syncytium.
The cells in deeper layers are coupled to the first reactive cell
layer by gap junctions and although the cells in the different layers
share the Na transport load, only the granular cell layer has a
polarized apical membrane containing amiloride-sensitive Na
channels.
The amphibian skin and urinary bladder actively secrete hydro-
gen ions under appropriate electrochemical gradients [3, 4].
Active H secretion is restricted to the mitochondria-rich cells
[5—8]. The amphibian skin and urinary bladder share common
Na and H transport properties with distal renal tubule, and
have been used for the past 50 years as highly successful models in
studies of the mechanisms and regulation of ion transport across
tight-junction epithelia [9]. A vast amount of information is
available on the mechanisms and regulation of Nat, K, C1, H
and water transport systems in amphibian skin and urinary
bladder [10—13]. Indeed, many of the first descriptions of epithe-
hal transport mechanisms and the cellular action of natriferic and
anti-diuretic hormones and diuretic drugs were first described in
these epithelia.
Epithelial "cross-talk"
A major topic in transport physiology concerns the co-ordi-
nated cellular control of ion and water movements across epithe-
ha. "Cross-talk" phenomena help maintain equilibrium between
ion permeabilities at opposite apical and basolateral cell mem-
branes [14]. High-resistance epithelia transfer large quantities of
Na and K across their cells, and the transported load can
exceed the total cytosolic pooi of these ions within minutes. The
cross-talk signals involved in cellular osmotic equilibrium must
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have the characteristics of producing instantaneous, simultaneous
and parallel changes in ion permeabilities at opposite apical and
basolateral membranes. Cross-talk phenomena have been de-
scribed between apical Na channels and the Na/K pump [15] and
basolateral K channels [16—18]. Cross-talk has also been de-
scribed between: the Na/K pump rate and K recycling [19];
pH-activated Na/H exchange and the Na/K pump [20]; and
volume-activated K and Cl channels [21].
Cross-talk in epithehia is most likely the result of a concerted
action of multiple cytosohic and membrane-bound ion transport
regulators. The primary cause of transport modulation may
determine the type of signal brought into action and the interplay
among signals. Some of the most likely candidates for cross-talk
signals include pH [22], Ca2 [23], ATP [24], G-protein [25], actin
filaments [26], protein kinase C [27], and membrane shuttling [28].
In the spectrum of cross-talk signals, however, only intracellular
pH has been satisfactorily shown to produce simultaneous, instan-
taneous, and parallel modulation of Na and K channels at
opposite cell membranes in an intact epithehium [291. Here I will
focus on the evidence for cross-talk between ion channels, pumps
and exchangers mediated by Ca, pH and cell metabolism (ATP/
ADP ratio) and recent evidence for fast non-genomic effects of
aldosterone on epithehial ion transport.
Cross-talk signals should be ideally assessed by simultaneous
measurements of the activity of apical and basolateral ion perme-
abilities and the state of the putative intracellular signal. For ion
channels and electrogenic pumps this could be achieved by using
patch-clamp, intracellular microelectrodes and spectrofluores-
cence. Very few epithelial structures are accessible to these
combined approaches. Cultured epithehial cell lines grown on
plastic or permeable filter supports are ideal for patch-clamp
recording of apical channel activity and spectrofluorescence mea-
surements of intracellular Ca or pH, but have restricted access to
basolateral membranes. In natural epithehia, some groups have
been successful in recording ion channel activity in basolateral
membranes after stripping away connective tissue and removing
the basement membrane with enzymatic treatment. The apical
membranes of these tissues is often protected by mucus or
cornified cell layers. In the nephron, apical membranes can be
approached with patch electrodes by splitting open of tubules,
resulting in the loss of an intact epithelial structure, or in the
technically difficult, inverted microperfused tubule preparation.
The isolated epithehium of frog skin has proved to be an
invaluable preparation in the identification of cross-talk signals in
principal and mitochondria-rich cells. When the epithehium is
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mounted in an Ussing chamber, it is possible to simultaneously
record transepithelial Na absorption rate from the short-circuit
current, and apical and basolateral membrane conductances with
microelectrodes. Using double-barreled ion sensitive microelec-
trodes it is also possible to have a simultaneous measurement of
intracelluar pH (pH1). With these techniques, it was shown that
slight variations in pH1 produced instantaneous and parallel
changes in apical Na conductance and basolateral K conductance
[29]. In addition, the intracellular Na (Na1) concentration could be
calculated from fitting the GHK equation to amiloride-sensitive
current-voltage relations of the apical membrane. So in a single
experiment it was possible to simultaneously measure transepi-
thelial Na transport rate membrane potentials and conductances,
pH1 and Na1 and thus to rigorously evaluate the role of pH1 as a
signal of cross-talk. This type of experiment showed that pH1
regulating mechanisms in the cell could modulate the rate of
transepithelial sodium absorption. In principal cells, pH1 is regu-
lated on the acid side by Na/H exchange and on the alkaline side
by Cl/HCO3 - exchange [221. Since the cell is subjected to a
constant acid load from cell metabolism and passive inlux of H,
it is the Na/H exchanger which is most important in maintaining
pH1 under physiological conditions. Activation of Na/H exchange
causes an intracellular alkalinisation and stimulation of Na and K
transport [30].
pH sensitivity of Na transport
The pH sensitivity of transepithelial Na transport was first
demonstrated in frog skin. Sodium absorption, measured as
short-circuit current, was inhibited by experimental maneuvers
designed to reduce intracellular pH [31, 32]. The absorption of
Na depends on the operation of three essential components:
apical Na channels, basolateral Na/K pumps and K channels.
To fully appreciate the role of pH1 in modulating cross-talk it is
important to determine which transport elements are affected by
intracellular Ht The pH1-sensitivity of total apical membrane
Na conductance, basolateral membrane K conductance and
Na/K pump current were analyzed using intracellular microelec-
trode voltage-clamp techniques and double-barreled pH-sensitive
microelectrodes [291. The simultaneous recording of apical and
basolateral membrane current-voltage relations during acid/base
challenges demonstrated that an alkali load increases Na and K
conductances, whereas an acid load has the opposite effect (Fig.
1A). In contrast, the current-voltage relations of the K-depen-
dent Na/K pump current was found to be relatively insensitive to
acid loading [20] at pH 6.5, which was sufficient to completely
inhibit the macroscopic Na and K conductances. These find-
ings are comparable to the relative insensitivity, over a physiolog-
ical pH range, of ouabain-sensitive Na fluxes in nystatin-treated
rabbit urinary bladder [33], frog skin [20] and isolated Na,K-
ATPase enzymatic activity [34]. Therefore, the effects of pH1 on
Na absorption is a result of a reduction in Na uptake across the
apical membranes and not due to pH1 effects on Na,K-ATPase. A
recent novel application of the electronmicroprobe technique has
verified these conclusions [35].
Intracellular pH fulfills the essential properties of a signal of
cross-talk by producing rapid, reversible, simultaneous and covari-
ant effects on NC and K transport. In the intact frog skin
epithelium, spontaneous variations in the transepithelial NC
transport rate are associated with pH1 values which agree with the
predicted effects of H on NC and K conductances [29].
Fig. 1. (A) Amiloride-sensiiive Na (U) conductance of apical membranes
and basolateral K conductance (S) as a function of intracellular p1-I in
principal cells of frog skin. (B) pHi-sensitivity of the open probability of
single apical Na channels (U) in excised inside-out membrane patches
from A6 cells and of basolateral KAT? channels (•) from frog skin
principal cells.
Hormonal stimulation of Na absorption by aldosterone is also
associated with raised intracellular pH. The strict relationship
between 'Sc and pH1 raises questions as to whether the pH
changes are consequent to, or are the determinant of NC
absorption. It now appears likely that both solutions are correct.
Modulation of pH by Na/H exchange will affect NC absorption
[30] and variations in sodium transport produce changes in pH
[30, 35, 36]. Thus intracellular H may act as servo-control signal
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pH1 effects on single Na channels
The effect of pH on transepithelial Na absorption is caused by
a reduction in apical Na permeability. The transfer of Na
across apical membranes involves a large population of channels
and the macroscopic Na current (INa) across this membrane is a
function of the following ion channel parameters:
'Na = is N P(,
= g5 (Va — ENa) N P0
where i = single channel current, N = the total number of
channels in the membrane, P0 = the single channel open-
probability, g, = single channel conductance, Va = apical mem-
brane potential, and ENa = Nernst potential for Na. From this
relationship, it is clear that a decrease in sodium uptake could
result from a reduction in either single Na channel current or
open-probability or the total number of active channels in the
membrane. We have examined the effects of pH1 on these
parameters using the patch-clamp technique. The apical mem-
branes of frog skin epithelium is covered by a layer of dead cells
(stratum corneum) which makes access with a patch pipette
impossible. However, the distal renal cell culture line, A6, from
Xenopus laevis displays a similar Na transport function as frog skin
and the apical membranes are accessible with patch pipettes. The
direct effects of pH1 can be studied in patches of apical membrane
which have been excised from intact polarized A6 monolayers. In
this configuration the cytosolic side of the patch is exposed to the
bath solution and channel activity can be recorded as a function of
bath (cytosolic side) pH. Single Na channel activity is extremely
sensitive to slight variations in pH1 (Fig. 1B) and the probability of
the channel being in the open-state is greatly reduced over a
narrow range of pH1 from 7.4 to 6.9. The decrease in P0 is
produced both by a shortening of the mean open-time and an
increase in mean closed-time. In membrane patches which con-
tain more than one Na channel, a decrease in pH1 reduced the
number of simultaneously active channels. Since the single chan-
nel Na conductance (5 pS) is not affected over the physiological
pH1 range, it can be concluded that inhibition of Na uptake by
hydrogen ions is a result of changes to single channel open-
probability and the number of active Na channels in the mem-
brane. The activity of the Na channel expressed in terms of
open-probability is very sensitive to slight variations in pH1
between 7.0 and 7.4. Hydrogen ions affect channel closure by
interacting with high cooperativity at a titration site with apparent
pK of 7.2. Since the normal intracellular pH value is 7.2, the Na
channel activity is optimally sensitive to slight variations in pH1.
The role of pH1 in determining the overall rate of Na absorption
can be best appreciated by comparing the pH-dependence of
single Na channels and total apical membrane Na conductance
(Fig. 1 A, B). Both single channel activity and the macroscopic
Na conductance display the same sensitivity to intracellular pH.
The similar response of intact cells and excised membranes to pH1
reinforces the conclusion that hydrogen ions act independently of
other possible cytosolic factors. Calcium ions do not appear to be
involved in this response since chelation of cytosolic Ca2 did not
affect the sensitivity of Na channels to changes in pH1 [37]. A
direct effect of pH on Na channels has also been reported in rat
renal collecting tubule [381.
pH effects on single K channels
There is convincing evidence that pH1 is a major determinant of
K conductance in Na absorbing epithelia. Intracellular hydro-
gen ions inhibit K channels in renal tubule [39—42]. In frog skin,
the total basolateral K conductance is extremely sensitive to
slight variations in pH1 (Fig. 1A) [29]. The pH sensitivity of the K
conductance is optimal at a physiological pH 7.2. Do single K
channels display a similar sensitivity to pH1? Recently, we have
been successful in recording single K channel currents from
basolateral membranes in frog skin epithelium separated from the
corium by collagenase treatment and mounted in a miniature
Ussing chamber on the stage of an inverted microscope [43]. This
experimental arrangement has the advantage of comparing single
ion channel activity with the macroscopic electrical parameters of
Na and K transport transport (short-circuit current and mem-
brane potentials and conductances). Using this technique we were
able to show that K is recycled across basolateral membranes of
frog skin and A6 epithelia via a 25 pS, ATP-sensitive channel
(KATP ) which is up-regulated by aldosterone. The inward-rectifer
KArP channel is more conductive for K entry than exit from the
cell and therefore displays inward-rectification. However, the
open-probability of the KATP channel is increased by membrane
depolarization and is maximal under physiological electrochemi-
cal gradients which favor K efflux. The single channel rectifica-
tion properties reflect the macroscopic inward-rectification ob-
served for total basolateral membrane current in frog skin and A6
cells [43,
The KATP channel is very sensitive to slight changes in intra-
cellular pH (Fig. 1B). In excised inside-out patches the open-
probability of the channel is maximal for cytosolic-side pH 7.5 and
minimal at pH 7.0. The pH1 effect is voltage-independent, with
equal inhibition of single channel outward and inward currents.
Hydrogen ions decrease the mean open time and increase the
mean closed time by interacting with high cooperativity at a
titratable site of apparent pK = 7.2 on the cytosolic side of the
membrane outside the channel pore. The sensitivity of apical Na
channels and basolateral KATP channels to intracellular H are
very similar (Fig. 1B). Small physiological variations in pH1 can be
predicted to cause simultaneous and parallel changes in Na
uptake and K recycling (cross-talk). The macroscopic K conduc-
tance of the basolateral membranes displays a pH dependence
comparable to the single KATP channel (Fig. 1 A, B). Taken
together, these results support the conclusion that H can change
the activity of the KATP channel without involving other cytosolic
signals and that KATP channels are the major determinant of the
macroscopic conductance of the basolateral membrane.
Regulation of sodium transport by intracellular Ca2
The role of Ca2 in regulating sodium absorption in intact
epithelia is supported by experiments showing a reduction in
sodium permeability following maneuvers designed to raise cell
Ca2. The effect of cytosolic Ca2 on amiloride-sensitive Na flux
has been studied in apical membrane vesicles prepared from toad
urinary bladder [45]. In these studies, Ca2 was shown to decrease
Na influx. In intact epithelia Na permeability was inhibited by
increasing cell Ca2 [46—49]. The inhibitory effects of Ca2 on
Na absorption reported in these studies are in contrast with
results obtained from patch-clamp analysis of Na channel activ-
ity. The open-probability of Na channels excised from apical
(Eq.1)
(Eq. 2)
1 10 102 iO
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Fig. 2. (A) Ca2 *sensitivity of the open probability of single apical Na
channels (U) in intact monolayers of A6 cells and of basolateral K47
channels (•) in frog skin principal cells. (B) Ca24 -sensitivity of the open
probability of single apical Na channels (U) in excised inside-out mem-
brane patches from A6 cells and of basolateral KATP channels (•) in frog
skin principal cells.
membranes of rat renal collecting tubule was found to be insen-
sitive to changes in Ca24 between 0.1 m to 1 mrt [38]. In
cell-attached patches, Na channel open-probability was de-
creased after a delay of >10 minutes following exposure to the
Ca24 ionophore, ionomycin.
In A6 cells, we have recently succeeded in comparing the Ca2
senstivity of Na channel open probability in cell-attached and
excised inside-out apical membranes (Fig. 2 A, B). Apical Na
channel activity was measured in polarized A6 monolayers grown
on nucleopore filter supports while varying intracellular Ca2
using ionomycin applied to the basolateral side. Ca24, was deter-
mined by FURA-2 spectrofluorescence while simultaneously mea-
suring open channel probability in the same cell at selected Ca2 '.
In intact, polarized cells, Na channel activity exhibits a marked
dependence on Ca24, over the nanomolar range (Fig. 2A). An
increase in Ca24, produced a covariant decrease in P0 and the
time taken for channel inhibition corresponded to the time-
dependent rise in Ca24 following the addition of the ionophore.
The apparent K1 for inhibition of Na channel openings by Ca24. =
1 M. When the same membrane patches which showed sponta-
neous Na channel activity and Ca24, sensitivity were excised into
bathing solutions of different Ca2, no calcium-dependence of
single channel P0 could be found (Fig. 2B).
The high sensitivity of Na channel activity to Ca2' • in intact
cells and the lack of calcium-dependence in excised membranes
point to an indirect inhibitory action of Ca24 involving a cytosolic
or membrane-bound mediator which is lost or inactivated on
excision of the membrane patch. Some possibilities include a role
for Ca24, in the regulation of the amiloride-sensitive Na4 channel
activity by methylation of cytosolic proteins [50], exocytosis [51],
actin polymerization [24], guanosine nucleotides or protein kinase
C [23, 52].
Regulation of K channel activity by intracellular Ca2
ytosolic Ca2 is considered as a primary regulator (usually an
activator) of K' channels in epithelia. Intracellular calcium has
been variously reported to have strong inhibitory effects on
inward-rectifier K4 channels in rat thick ascending limb of Henle
[53] in shark rectal gland [54], or no effect of Ca24 on inward-
rectifer K4 channels in apical membranes of rat cortical collecting
tubule [551. We have recently determined the calcium-depen-
dence of KATP channels by varying Ca21, and using ionomyocin
and thapsigargin to produce variations in Ca24, while monitoring
the P0 of KATP channels in cell-attached basolateral membrane
patches in frog skin epithelium. The calcium-sensitivity of KA1p
channels in intact principal cells is comparable to that found in
excised basolateral membranes (compare Fig. 2 A and B). The
activity of KArp channels is very sensitive to Ca21, in intact cells
(K, 327 nM) and in excised inside-out membranes (K, 195
nM). Of particular significance for cross-talk, the apical Na
channels and basolateral KArp channels display practically equal
dependence on cell calcium in the intact principal cell (Fig. 2A).
These data support a role for both Ca24, and pH, as mediators of
cross-talk between apical and basolateral membranes.
Since swelling of principal cells is associated with elevated levels
of Ca2 , [561, the KATP channel may be closed in swollen cells.
Hypoosmotic-induced swelling of principal cells in frog skin
activates a 35 p5 outward-rectifier K4 channel. The open-proba-
bility of this channel is increased by cytosolic Ca2 and decreased
by quinidine and quaternary ammonium ions. In swollen cells the
channel replaces the KATP channel in generating the macro-
scopic K conductance [43]. Swelling of turtle colon cells has also
been shown to induce a Ca2 4-dependent K conductance which is
preferentially blocked by lidocaine or quinidine [57]. Changing
intracellular free Ca2 concentration can, therefore, alter the type
of K channel present in the membrane. This has important
consequences for the intrepretation of macroscopic epithelial
membrane conductance measurements based on the use of K
depolarized tissues and membrane perforation with ionophores
(antibiotics or detergents). The appearance of an outwardly-
rectifying K' current in potassium-depolarized and ionophore-
treated turtle colon has been ascribed to such osmotic or Ca241-
induced phenomena [58]. Similar conclusions were also reached
in cultured human sweat duct epithelium, from a comparison of
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the tetraethylammonium sensitivity of normal and metacholine-
evoked K conductances [59]. The Ka channel of frog skin
principal cells presents a similar pharmacology and Ca2 activa-
tion profile as other basolateral membrane K channels activated
by cell swelling in turtle colon [60]. It is possible therefore that in
principal cells, calcium-activated K channels are not involved in
steady-state basolateral K recycling [43, 61], but instead are most
likely involved in regulation of cell volume and chloride secretion
[21, 62].
Regulation of Na and K channel activity by intracellular
ATP:ADP
ATP has been described as an inhibitor [53, 63, 64] of inward-
rectifier K channels in epithelia. In principal cells of frog skin
epithelium, KATP channel activity is reduced by 50% at cytosolic-
side ATP concentrations between 30 to 80 xM (Fig. 3A). The
normal concentration of cellular ATP in these cells ranges
between 1 to 3 m [65]. Obviously, if ATP is the sole regulator,
the KATP channel should be inactivated in the intact cell. Since
this is not the case, other factors must be involved in modulating
the inhibitory effect of ATP. Patch clamp recording of single KATP
channels in excised basolateral membranes demonstrate that
down-regulation of KATP channel activity by I mmol/liter ATP
was largely prevented by the addition of 0.1 m'vi ADP on the
cytosolic side (Fig. 3B). ADP shifts the K1 for ATP from the
micromolar to the millimolar range. The mechanism of action of
ATP on KATP channels does not require phosphorylation of the
channel since channel inhibition is also achieved in the absence of
Mg2 and with non-hydrolysable analogues of ATP.
The effect of ATP on amiloride-blockable Na channels has been
less well-studied. We have recently tested the effects of ATP:ADP
on single Na channels in A6 cells. This channel is much more
sensitive to ATP than the basolateral KATP channel, and the Na
channel open probability is reduced to zero at 500 tM ATP (K =
118 J.LM) (Fig. 3A). In comparison to the KATP channel, the Na
channel is also more sensitive to ATP when tested against a
constant background level of ADP (Fig. 3B). This result provides
evidence that cross-talk between apical and basolateral transport
of Na and K by the pump and channels can be coupled via cell
metabolism. However, the ATP sensitivity of the KA1P channels is
low over the measured steady-state range of [ATPJ (2 to 5 mM).
These data alone would not support a useful role for ATP1 in
cross-talk unless the ratio of ATP:ADP is < lOin proximity to the
cytosolic-side of the channel. Channel activity may also he a
function of the cell energy potential ([ATPI + 0.5[ADP]/[ATP] +
[ADP] + [AMP]), but experiments are lacking which would
correlate the latter with variations in transepithelial sodium
absorption and potassium secretion.
Coupling between Na/K pump rate, Na channels and KATP
channels
Cross-talk between Na/K pump, apical Na absorption and K
leak within the basolateral membrane is essential to maintain
osmotic balance [14]. Apical Na permeability of principal cells is
decreased over a similar time course for ouabain inhibition of the
Na/K pump [66, 67]. Conversely, an increase in apical Na absorp-
tion activates the basolateral Na/K pump and K conductance
[68—71]. Basolateral membrane K conductance also decreases
after inhibition of the Na/K pump [19, 72, 73]. The underlying
Fig. 3. (A) ATP-sensitivily of the open probability of single apical Na
channels ) in excised inside-out membrane patches from A6 cells and of
basolateral KAIP channels (S) in frog skin principal cells. (B) Effects of
ATP on the open probability of single apical Na channels () and
basolateral KAT? channels (•) in the presence of constant ADP = 100 j.M
in excised inside-out membranes.
mechanisms for cross-talk during increased Na absorptuion or
decreased Na exit are unclear. The sensitivity of Na and KATP
channels to the cytosolic ATP:ADP ratio provides one possible
mechanism for cross-talk between Na/K pump activity and recy-
cling of K [43, 69, 7I. Stimulation of Na entry across the apical
membrane will increase the cytoplasmic Na transport pool [75],
which has been shown to stimulate the Na/K pump [20, 76—78].
Since —50% of oxygen consumption in principal cells is due to
Na/K pump activity [79], pump activation will tend to lower the
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increased K efflux across the basolateral membranes will indi-
rectly hyperpolarize the apical cell membrane and limit the
depolarization effect of an increased Na conductance. This
cross-talk will help to maintain a favorable electrical gradient for
Na uptake at increased rates of sodium absorption.
Cross-talk via Na/H and Na/Ca exchangers
The cell model shown in Figure 4 depicts the role of intracel-
lular pH1 and Ca21 as modulators of Na and K transport at
opposite apical and basolateral membranes. The ion transport
control loop shows cross-talk following activation of Na/Ca or
Na/H exchangers. Aldosterorie has been shown to activate Na/H
exchange in rat renal distal tubule after long-term (overnight)
incubation with aldosterone [80]. A more rapid effect of aldoste-
rone (<20 mm) on Na/H exchange and basolateral K conduc-
tance was found in MDCK cells and frog renal distal tubule, A6
cells and frog skin epithelium [30, 81—831. The cell model and
pH1/ion transport control loop shown in Figure 4 depicts the role
of Na/H exchange as a modulator of Na and K permeabilities.
Some of the predictions of this model have already been verified
experimentally such as prevention of the aldosterone-induced pH
changes by inhibitors of Na/H exchange [81, 83]. Activation of
Na/H exchange should also increase intracellular Na activity
which would in turn stimulate the Na/K ATPase pump leading to
a decreased ATP:ADP ratio. The combined effects of low ATP
and raised pH1 on basolateralKATP channels would be predicted
to produce an hyperpolarization of the membrane potential, thus
increasing the driving force for apical Na influx. The paradox in
this schema is the observed latent effect of aldosterone on
transepithelial sodium absorption compared to the rapid effects
on pH1 and basolateral K conductance. It is possible that the
rapid effect of aldosterone on basolateral K conductance is
permissive for Na entry. If the baslolateral membrane potential
is already close to the reversal potential for K, then activation of
K channels may have little effect on Vb. An increased K
conductance would effectively voltage clamp the intracellular
potential close to the K4 equilibrium potential and thus limit the
depolarizing effect of an enhanced Na influx which would other-
wise curtail the natriferic response. Rapid non-genomic effects of
aldosterone on Na/H echange have also been reported in human
lymphocytes [84] and human distal colon [85]. In the colon the
effect of aldosterone on Na/H exchange and basolateral KA.-
Fig. 4. Principal cell model showing main
cytosolic regulators of apical Na channels and of
basolateral recycling K channels. H, Ca2 and
ATP are negative regulators of these channels.
The ion transport loop shows predictions for
cross-talk via pH1, Ca2, ATP and membrane
potential following activation of Na/H or Na/Ca
exchange.
channels is dependent on eicosanoid production from arachidonic
acid and activation of protein kinase C [85].
Intracellular p1-I cannot explain all cross-talk in epithelia and
recent studies in renal collecting duct failed to detect significant
pH1 changes in principal cells following Na transport modulation.
[67, 86, 87]. Calcium ions may also play an important role in
coupling the activity of Na and K channels given the sensitivity
of the open probability of these channels to physiological varia-
tions in intracellular [Ca2]. Modulation of the activity of an
electrogenic Na/Ca exchanger by changes in intracellular [Nat]
and membrane potential which occur as a result of variable rates
of Na entry or exit from the cell, may provide the signals to couple
the apical and basolateral transport components of Na absorption
(Fig. 4).
Cross-talk between Na absorption and H secretion
The frog skin in vivo absorbs sodium and secretes hydrogen ions
[88] in an apparent 1:1 stoichiometery [89]. The amphibian skin
and urinary bladder, when isolated in an Ussing chamber, can also
actively secrete hydrogen ions under appropriate electrochemical
gradients [90—921. H secretion is restricted to mitochondria-rich
cells and is a two-step process composed of proton extrusion
across the apical membranes via a H-ATPase pump, and bicar-
bonate secretion across the basolateral membranes through a
Cl7HC03 exchanger (Fig. 5). Mitochondria-rich cells in am-
phibian skin, and alpha-type intercalated cells in turtle urinary
bladder and renal cortical collecting tubule are the site of acid
secretion whereas Na absorption is confined essentially to
principal cells. The proton secretion function and high carbonic
anhydrase content of MR cells in amphibian skin indicate a close
similarity with the intercalated cell of collecting tubule and turtle
urinary bladder.
Most in vitro studies of Na absorption in frog skin use Ringers
solution bathing both sides of the tissue, whereas in vivo, the Na
uptake occurs from more dilute external media. For example,
frogs can absorb Na in the absence of a permeant anion from
freshwater containing less than 2 mmol/liter Nat Krogh [881
suggested that since Na and Cl absorption can be dissociated,
a counterion such as H or NH4 must be excreted to maintain
electroneutrality. This hypothesis has been verified in vivo [89]
and in vitro [90] and a model developed which uses the proton


















Fig. 5. Schematic representation of ion transport through alpha-type mito-
chondria-rich (MR) cells and principal cells of isolated frog skin. Under in
vivo or in vitro conditions of low luminal salinity, net Na uptake in
principal cells is indirectly electrically coupled to proton secretion in MR
cells with 1:1 stoichiometry under open-circuit conditions in the absence of
transepithelial anion fluxes. Proton secretion is driven by a vacuolar-type-
proton-ATPase pump in the apical membranes of MR cells and the bulk
of Na absorption occurs through amiloride-sensitive channels in princi-
pal cells. The MR cell and the principal cell generate equal and opposite
H and Na currents, respectively. Aldosterone and CO2 trigger the
exocytotic insertion into the MR cell apical membrane of cytosolic vesicles
containing pre-formed functional proton pumps. This results in rapid
stimulation of both carbonic anhydrase-dependent H secretion and
amiloride-sensitive Na absorption.
under 'physiological' electrochemical gradients (Fig. 5) [221.The
apparent electrical "coupling" between Na absorption and H
secretion under these conditions results from the equilibrium of
circulating cation currents in the absence of transepithelial anion
fluxes.
Aldosterone-induced cross-talk between principal cells and
mitochondria-rich cells
Aldosterone stimulates H secretion in amphibian skin and
urinary bladder [91, 93], activates H-ATPase activity in renal
collecting tubule [94, 951, and selectively binds to MR cells [96]. A
dynamic control of acid secretion may be achieved by exocytotic
insertion and endocytotic retrieval of V-ATPase holoenzymes [97,
98]. Exocytosis increases cell membrane area which can be
recorded as an increase in cell membrane electrical capacitance
which can be reliably measured in the whole-cell patch-clamp [99].
The application of this technique to single MR cells in situ has
shown that aldosterone increases membrane capacitance and
conductance of single MR cells [100] (half-time 12 mm). The
membrane conductance, but not the capacitance, was reduced by
proton pump inhibitors applied to the apical side which indicates
that aldosterone induces the insertion of new membrane contain-
ing functional H pumps into the apical membrane. Exposure of
MR cells to CO2 also produced a rapid covariant increase in
apical membrane capacitance and H secretion [100]. The elec-
trical coupling between H4 secretion in MR cells and Na
absorption in principal cells under conditions of low luminal
salinity which prevail in vivo, may provide a novel mechanism for
the natriferic effect of aldosterone (Fig. 5).
Conclusions
Intracellular H, Ca2 and the ATP:ADP ratio are potent
regulators of apical Na channels and basolateral K4 channels in
high-resistance epithelia. Changes in ion transport at one mem-
brane can affect appropriate changes in ion permeability at the
opposite membrane in order to maintaining cell osmotic equilib-
Cl— rium (cross-talk). Changes in intracellular Na and membrane
potential can modulate the activity of basolateral Na/H and Na/Ca
exchangers which will affect the state of two powerful signals of
cross-talk. Secondary changes to the ATP:ADP ratio as a result of
Na/K pump activity would exert synergistic effects on Na and K
channels in addition to the effects of pH1 and Ca21 (Fig. 4).
Cross-talk via electrical coupling between Na absorbing cells and
acid secreting cells may provide an important mechanism for the
H natriferic and acid extrusion response to aldosterone under low
luminal salinity as exists in vivo.
Reprint requests to Brian I Harvey, Ph.D., Weilcome Trust Cellular
Physiology Research Unit, Department of Physiology, University College Cork,
Cork, Ireland, United Kingdom.
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